Cell differentiation typically occurs with concomitant shape transitions to enable specialized functions. To adopt a different shape, cells need to change the mechanical properties of their surface. However, whether conversely cell surface mechanics control the process of differentiation has been relatively unexplored. Here, we show that membrane mechanics gate the exit from naïve pluripotency of mouse embryonic stem cells. By measuring membrane tension during differentiation, we find that naïve stem cells release their plasma membrane from the underlying actin cortex when transitioning to a primed state. By mechanically tethering the plasma membrane to the cortex with a synthetic signalling-inert linker, we demonstrate that preventing this detachment forces stem cells to retain their naïve pluripotent state. We thus identify a decrease in membrane-to-cortex attachment as a new cell-intrinsic mechanism that is essential for stem cells to exit pluripotency.
During the development of most multicellular organisms, relatively round totipotent cells give rise to differentiated cells with all the dramatically different morphologies present in the adult body. Acquisition of fate and changes in cell shape often emerge concurrently. Cell shape is determined by surface mechanics and interactions with the extracellular environment. While cell-matrix interactions have been shown to be necessary (1, 2) and in some cases sufficient (3) for differentiation, whether and how intrinsic surface mechanics regulate cell fate remains unknown. A particularly striking example of shape and identity change is the transition from the naïve to the primed pluripotent state in the widely used mouse embryonic stem cell (mESC) model. Naïve cells grow in compact colonies ( Fig. 1A-C) , and maintain this state when cultured in the presence of 2i/LIF (2 small molecule inhibitors [PD0325901 and CHIR99021] and leukemia inhibitory factor [LIF]). 2i/LIF removal provides a differentiation cue and the naïve colonies rapidly flatten into a monolayer of primed cells that grow lamellipodia-like protrusions in a process reminiscent of an epithelial-to-mesenchymal transition (4) ( Fig. 1A- 
C, Supplementary Movie 1).
Plasma membrane tension, or the energetic cost of stretching the plasma membrane, regulates several cellular processes, notably cell spreading (5) and migration, where it determines the size of the leading edge as well as the rate of lamellipodia extension (6, 7) . Given the striking protrusions stem cells form during exit to the primed state, we hypothesized that membrane tension may in fact play a role during the exit from naïve pluripotency. To test this, we measured apparent membrane tension by static tether pulling via single cell force spectroscopy, where a membrane tether is held by an AFM cantilever with a constant length until it breaks ( Fig. 1D) . Comparing naïve and primed cells, we found that the static tether force was significantly reduced in primed cells (from 41.3±5.25 to 30±5.92 pN, Fig. 1E ). Such decrease in static tether force corresponds to an almost 50% reduction in apparent membrane tension (from 80 to 42 μN/m; see Materials and Methods for details).
That primed cells have a lower membrane tension seems paradoxical given their shape ( Fig. 1B,C) , as leading edge growth and cell spreading are known to increase apparent membrane tension (5, 6) . Static tether pulling measures the combination of in-plane membrane tension (originating from the tight packing of hydrophobic lipid molecules to avoid contact with water molecules) as well as protein-mediated attachment to the underlying actomyosin cortex (termed membrane-to-cortex attachment or MCA), that also constrains membrane stretching ( (8, 9) ; reviewed in (10)). To determine which of these two mechanical parameters changes during stem cell differentiation, we measured specifically MCA by dynamic tether pulling, that measures the force required to extrude tethers across a range of different pulling speeds ( (8, 11) ; see Materials and Methods for details). We observed a dramatic 4-fold reduction of MCA during exit from naïve pluripotency ( Fig. 1F-H) . To exclude that this reduction was merely a consequence of cell spreading, we forced naïve cells to spread by plating them on Laminin 511 in the presence of 2i/LIF ( Supplementary Fig. 1A,B ) showing that an increase in cell area alone does not significantly affect MCA ( Supplementary Fig. 1C,D) . We can therefore conclude that cells strongly decrease the tethering of their plasma membrane to cortical actin when exiting pluripotency.
Given their co-occurrence, we next investigated whether the reduction in MCA was upstream, i.e. a regulator, or downstream, i.e. a consequence, of the exit from naïve pluripotency. To this end, we expressed constitutively active Ezrin (CAEzrin, T567D (12)) in an inducible manner in naïve mESCs ( Supplementary Fig. 2A,B) . Ezrin links the plasma membrane to the underlying cortex and CAEzrin is the current gold standard in the field to experimentally increase MCA (13, 14) . Upon CAEzrin expression, mESC cells maintained a high MCA 48h after 2i/LIF removal ( Supplementary Fig. 2C, D) . To determine if expression of CAEzrin had affected the exit from naïve pluripotency, we assayed the presence of Rex1-GFPd2, a naïve marker which is down-regulated within 24h after 2i/LIF removal (15, 16) . Indeed, 48 h after 2i/LIF removal, CAEzrin expressing cells retained high levels of Rex1, very similar to naïve stem cells and in contrast to control cells expressing only mCherry ( Supplementary Fig. 2E ), suggesting that CAEzrin expression forces stem cells to retain a naïve pluripotent state.
In addition to mechanically linking the plasma membrane to the cortex, Ezrin also has biochemical roles in several signalling cascades (reviewed in (17)). To test if the striking effect on the exit from naïve pluripotency was truly a cell surface mechanical effect, we engineered a synthetic molecular tool that can directly link the plasma membrane to actin but is inert regarding signalling (iMC-linker, Fig. 2A ). iMC-linker consists of a minimal actin binding domain (from Utrophin), fused to mCherry for fluorescence visualization and tagged with a lipidation consensus sequence (from Lyn) for plasma membrane insertion (for details see Materials and Methods). As predicted, iMC-linker, as well as its individual components, localized to the cell surface when expressed in mESCs in an inducible manner ( Fig. 2B,  Supplementary Fig. 3A,B) . Strikingly, inducing iMC-linker expression allowed stem cells to maintain a high MCA even 48h after triggering differentiation by 2i/LIF removal ( Fig. 2C) . Their MCA value measured by dynamic tether pulling was similar to naïve predecessor mESC and in stark contrast to the strongly decreased MCA of uninduced controls (Fig. 2D) . To test if preventing the lowering of MCA with a synthetic mechanical linker was sufficient for cells to retain the naïve state, we again measured the down-regulation of the naïve marker Rex1-GFPd2 by flow cytometry. While stem cells expressing only the minimal actin binding or plasma membrane insertion motifs normally downregulated Rex1 during exit from naïve pluripotency, iMC-linker expressing cells maintained high expression of Rex1, suggesting that they remained naïve (Fig. 3A,B) . To verify that our mechanical iMC-linker was truly able to keep stem cells in a naïve pluripotent state, we next performed a re-plating assay where primed cells do not robustly survive (Fig. 3C , for details see Materials and Methods). Indeed, iMClinker expressing cells were able to generate 3-fold more colonies than controls expressing the two binding motifs separately (Fig. 3D) . These results show that a synthetic mechanical tether between the plasma membrane and actin cortex is sufficient to force stem cells to retain a naïve pluripotent state, even two days after triggering differentiation. MCA is therefore a critical mechanical parameter that stem cells have to lower in order to progress from naïve to primed pluripotency. Together our findings uncover a fundamental cell-intrinsic mechanism whereby the regulation of cell surface mechanics controls cell identity.
Changing cell surface mechanics by modifying the linking of the plasma membrane to the underlying actin cortex is likely to be important for embryonic stem cells also in vivo. Indeed, Ezrin, the classical endogenous protein that links the membrane to the cortex, marks the outside facing apical domain of 8-16 cell mouse embryos (18) . This apical domain is necessary and sufficient for the first lineage segregation in early mouse embryos (19) . Beyond the mouse, mechanical properties such as substrate stiffness, cortical contractility, fluid flow, cyclic stress, compression or luminal pressure have been linked to differentiation in several species (3, (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . It will be interesting to explore in the future if MCA plays a regulatory role in those differentiation responses.
How exactly might lowering MCA gate the exit from naïve pluripotency? Previous studies have shown that membrane tension regulates several cellular functions such as endocytosis (31, 32) , phagocytosis (33), cell polarity (6) and the formation of blebs or lamellipodia (11, 34) . However, such studies have mostly used mechanical perturbations that also influence biochemical signalling and readouts of apparent membrane tension. Thus, the specific functions of cell surface signal transduction versus mechanics, as well as the relative contribution of the two membrane mechanics parameters, in-plane tension and MCA, have been impossible to disentangle. The synthetic iMC-linker we developed here as a precise tool to specifically manipulate MCA during stem cell differentiation should therefore prove useful to shed light on the mechanism of cell surface mechanics gated differentiation.
In conclusion, our work shows that changes of the mechanical properties of the cell surface, and in particular a lowering of MCA, are required for stem cells to exit naïve pluripotency. Moreover, together with reports of a role on lamellipodia initiation (35, 36) , it highlight MCA as a critical parameter for central cellular functions. Future studies, perhaps taking advantage of the novel iMC-linker tool we introduce here, will contribute to our understanding of how MCA controls cell signalling and cell shape during a wide range of cellular functions such as differentiation, polarity and migration.
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